The role of relativistic surface plasmons (SPs) in high order harmonic emission from laser-irradiated grating targets has been investigated by means of particle-in-cell simulations. SP excitation drives a strong enhancement of the intensity of harmonics, particularly in the direction close to the surface tangent. The SP-driven enhancement overlaps with the angular separation of harmonics generated by the grating, which is beneficial for applications requiring monochromatic XUV pulses.
Laser-based high-order harmonic (HH) sources have allowed an unprecedented control on ultra-short electronic processes in atomic and molecular systems, supporting the development of "attoscience" 1, 2 . Several approaches have been studied in order to optimize HH generation by atomic recollision in gas targets (see e.g. Refs. 3-6, and references therein). However, HH generation from gas targets is ultimately limited by the onset of ionization at intensities 10 15 W/cm 2 . This issue has stimulated the study of HH emission from solid targets [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] irradiated at ultra-high intensity (I > 10 18 W/cm 2 ). In this regime the relativistic motion of the electrons in the fields near the target surface is responsible for HHs generation [17] [18] [19] and higher laser intensities result in more intense HHs and a much more compact set-up than for gaseous targets 20 . Moreover, a kHz repetition rate has been demonstrated using moving tape targets 21 . In the time domain, the HH emission from solid targets has the form of a train of attosecond pulses 22 and several strategies to isolate a single attosecond pulse have been investigated [23] [24] [25] . Attosecond duration is not a critical issue for applications such as XUV-litography 26 or photoelectron spectroscopy 27 which would rather benefit from both HH intensity increase and angular separation of the HHs, so that an effectively monochromatic XUV source is obtained (the XUV spectral region ranges approximately between the 8-th and the 80-th harmonic of the laser light at the wavelength ∼ 800 nm of Ti:Sapphire systems). To this aim, the use of grating targets has been proposed [28] [29] [30] [31] , so that the m-th harmonic is emitted for a) Electronic mail: luca.fedeli@polimi.it a discrete set of angles θ mn depending on the period d of the grating, according to the diffraction formula 32, 33 :
where λ is the laser wavelength, n is the diffraction order, and θ i is the angle of incidence of the laser pulse (θ i and θ mn are referred with respect to the normal to the target as indicated in Fig.1 ). This effect was experimentally observed using a laser pulse with ultra-high contrast in order to prevent early prepulse-induced damage of the grating 34 . The diffraction of harmonics at different angles allows to separate them from the reflected laser light which should otherwise be filtered out, being typically much more intense than the HH signal. However, the dispersion into several orders reduces the HH intensity, so that an enhancement of the HH generation efficiency is highly desirable.
Grating targets also allow the excitation of surface plasmons (SPs). Experimental evidence of SP excitation in the relativistic regime has been provided recently. Irradiating gratings at the resonant condition for SP excitation has been observed to both increase the cut-off energy of the ions emitted from the target 35 and to allow for electron acceleration along the target surface in the SP field 36, 37 . Since the excitation of a SP is associated with a strong field enhancement at the target surface, one may expect as well a SP-enhancement of HH emission, which may overlap to the grating diffraction effects. Indeed, SP-enhancement of HH generation in micro and nano-structures has been previously demonstrated at low laser intensities (see e.g. Refs. [38] [39] [40] [41] [42] [43] .
In this Letter, we investigate via numerical simulations the HH emission from a grating target irradiated at the resonance condition for SP excitation. A strong enhance-ment of the intensity of the angularly dispersed HHs is observed near resonance. We study in detail the angular distribution of HHs, in order to individuate suitable configurations for an XUV source.
The excitation of a SP by oblique incidence of a laser pulse on a periodically modulated interface is a key process in plasmonics 44 . In the linear regime, the matching conditions for resonant excitation of a SP by an EM plane wave at an interface between vacuum and a medium with spatial period d are
where ω = 2πc/λ is the frequency of the incident EM wave, θ res is the resonant angle of incidence, j is an integer number, and ω SP and k SP are the frequency and wavevector of the SP. For a free electron metal described by the cold plasma dielectric function ε(ω) = 1 − ω 2 p /ω 2 ≡ 1 − α and assuming α > 2, using the SP dispersion relation (see e.g. Ref. 44 
Notice that α can be written also as α = n e /n c where n e is the electron density and n c = m e ω 2 /4πe
2 is the cut-off (or critical) density for the EM wave. For a solid density material α 1, so that sin(θ res ) −1 + jλ/d. Thus, excitation of SPs requires grating periods d > jλ/2, and does not play a role in HH generation from sub-wavelength gratings which were investigated in previous works 33, 34, 46 . In the following we assume j = 1 which corresponds to matching at the first "band" of the SP dispersion relation ω SP (k SP ) folded in the Brillouin zone. Notice that for j ≥ 2 the grating period d might become larger than the laser spot radius for tight focusing, which would affect the matching conditions. At resonance, using Eq. (1) we obtain that the angles at which the m-th harmonic is emitted are given by
At high intensities, modeling the target as a cold plasma is adequate for any material because free electrons are created by ultrafast field ionization and the oscillation energy greatly exceeds the thermal energy. In such regime the coupling within the grating requires a laser pulse with ultrashort duration (few tens of fs) and very high pulseto-prepulse contrast [47] [48] [49] [50] to prevent the grating from being washed out by hydrodynamical expansion either during or before the intense pulse. In addition, although a detailed theory of relativistic SPs is still lacking, in the relativistic regime one may expect the SP dispersion relation and, consequently, the resonance condition to be modified by nonlinear effects. However, experiments at relativistic laser intensities 35, 36 have provided evidence of SP excitation at angles close to the value predicted by Eq.(3) for α 1. • incidence, at times t = 0T and t = 35T . In addition to specular reflection at 30
• ( θi = θres = −30 • ), diffraction of the laser pulse at the n = 1, −1, −2 orders (corresponding to angles 90
• , 0
• and −30
• , respectively) and localized fields along the target surface are observed. The simulations were performed with the open source particle-in-cell (PIC) code PICCANTE 51, 52 . The electron density was n e = 128n c , which is representative of highly ionized solid targets (notice that the results do not depend either on the target density, as far as n e n c , or on the target material; in a real experiment, however, a transparent material with high damage threshold to laser prepulses would be preferred). The target thickness was kept to 1λ for computational feasibility; however, larger values do not affect the results significantly, as expected since the fields are evanescent into the target. The grating period was d = 2λ, corresponding to a resonance angle θ res = 30
• according to Eq.(3). The peak-to-valley depth of the grooves was 0.25λ. All the simulations were two-dimensional and the numerical box size was 80λ × 80λ, wide enough for the boundaries not to affect the results. The number of particles per cell was 144 for each species. For most of the simulations the spatial resolution was λ/154 in each direction, in order to well resolve harmonic orders up to m ≈ 15 with ≈ 10 points per wavelength. Few selected cases were simulated also with increased resolution in order to resolve higher order harmonics. The laser pulse had a Gaussian transverse profile with a waist of 5λ, a cos 2 temporal profile (for the EM field) with 12λ/c duration (FWHM), and P -polarization. The angle of incidence of the pulse was varied in the 5
• − 45
• range. • , respectively); the results were similar to those obtained for a 0 = 15 and d = 2λ so that we will restrict ourselves to this latter case in the following. The grating target and the flat target will be referred to as, respectively, G30 and F. 
FIG. 3. Two-dimensional Fourier transformBz(kx, ky) for F irradiated at 45
• and for G30 irradiated at θi = 15
• . For F all the harmonics are emitted along the specular reflection direction. For G30 higher-order harmonics are emitted when the target is irradiated near resonance. The harmonic emission is particularly strong close to the target tangent for θi = 35
• . Fig.1 shows two snapshots of the magnetic field B z (perpendicular to the simulation plane) which is the most convenient choice to represent the spatial distribution of the EM fields. The snapshots are shown at the initial time t = 0T , when the laser pulse has not reached the target yet and t = 35T (where T = λ/c) when the interaction with the target is over. The leftmost border of the target is at x = 0. The n = −1 and n = −2 diffraction is apparent in Fig.1 . When a grating target is irradiated with an incidence angle θ i close to the expected value for θ res , an enhancement of the local field intensity with respect to flat targets is observed. Fig.2 shows that for an angle of incidence ≈ 35
• the maximum field is up to ∼ 5 times the laser field, i.e. a factor 2.5 higher than with flat targets. The degree of field enhancement which is observed also at angles quite different from θ res , i.e. far from the expected resonance, may be ascribed to the modulation of the field produced by reflection from a sinusoidal grating.
The angular spectrum of the emitted HHs was analyzed as follows. A 2D spatial Fourier transform of B z (x < 0, y, t = 35T ), i.e. of the B z field in the vacuum region and after the interaction, is performed. The resulting Fourier transformB z (k x , k y ) is shown in Fig.2b ) for the grating target irradiated at 35
• . The dark spots on the k = 1 ring correspond to the diffraction orders of the laser beam. The HH wavevectors appear as discrete spots on concentric rings corresponding to various harmonic orders. Most of the wavevectors are in the directions predicted by Eq.(1) (which are marked with red points). Fig.3 shows the same kind of graph for several simulations: G30 irradiated at 15
• , 30
• (the expected resonance angle) , 35
• , 45
• and F irradiated at 45
• . For the F targets HHs are emitted almost exclusively along the direction of specular reflection: along such direction the m = 1 order (i.e. the reflected laser pulse) is much more intense than the subsequent harmonic orders, which may be a problem in order to exploit HHs for applications. In contrast, for the G30 target the HHs are angularly dispersed in different directions depending on the harmonic order. For an angle of incidence of 35
• the HHs are particularly intense in a direction close to the tangent to the surface. Such intense HH emission is well separated from the diffracted light at the fundamental frequency. The stripe at k y = 0 which is visible in all the panels of Fig.3 can be attributed to the development of a quasi-static magnetic field localized at the target surface 54 . The angular distribution of the m-th harmonic in the direction θ is calculated as follows,
where k x = k cos(θ) and k y = k sin(θ). The total m-th harmonic yield I m = I m (θ) is given by the integration of Eq. (5) over the full angle (|θ| < π/2). Fig.4 shows a comparison of I m between F and G30 targets, for three different harmonic orders (m = 5, 10, 15). A prominent maximum is observed for the HHs emitted for G30 at an angle slightly larger than the one expected for surface plasmon resonance according to the linear theory (32.5
• −35
• rather than 30 • ), in agreement with previous experimental and numerical observations on SP-driven electron acceleration at very high laser intensities 36 ; thus, the discrepancy might be ascribed to nonlinear and relativistic effects. The overall enhancement of harmonic emission shows that the effect of SP excitation overlaps with the diffraction from the grating. The value of I m at the peak for G30 exceeds by more than one order of magnitude the value for the F target at the same angle of incidence θ i . In contrast, at larger values of θ i the harmonic yield for the F target becomes larger than for G30. This might be explained by the "shadow" effect of the grating at large angles of incidence, well out of resonance.
The SP-driven enhancement of HHs appears to be stronger with increasing harmonic order m. To investigate this behavior further, two cases (G30 irradiated at 35
• and F irradiated at 45 • ) were simulated with an increased resolution of λ/400 to compute HH generation reliably up to m ≈ 40. These cases were selected because they provide the highest harmonic yield for the two target types. Harmonic spectra collected at 45
• for F and at 80
• for G30 are shown in Fig.5 . As expected the spectrum for F is dominated by the m = 1 harmonic (whose Harmonic spectrum collected at 45 ± 2.5
• for F irradiated at 45
• and at 80 ± 2.5
• for G30 irradiated at 35
• . The intensity is normalized with respect to that of the incoming beam.
intensity is ≈ 60% of that of the incoming beam), while the m = 2 harmonic is ≈ 6 times less intense. On the contrary, for G30 we observe a significant increase of the intensity of emitted harmonics, which is particularly evident for higher orders, being ≈ 2 orders of magnitude for m = 40.
In conclusion, the SP-driven enhancement of high harmonic emission from grating targets irradiated at relativistic intensities has been studied by numerical simulations. When gratings are irradiated with an angle of incidence close to the one expected for surface plasmon resonance, the intensity emitted in a given harmonic order increases significantly, the effect being stronger with increasing harmonic order. In particular, a strong emission close to the target tangent is observed. This suggests that in an actual experiment it should be possible to detect more harmonic orders with the grating target irradiated near resonance than with a flat target. Implementation of the present scheme may allow the generation of intense, spatially separated high harmonics. High repetition rate operation may be achieved by using engraved tape targets with a suitable choice of the target material 20, 21 , or even developing all-optical generation of plasma gratings 55 . The study also gives a further demonstration of the exploitation of plasmonic effects in the high field regime to manipulate laser-matter interactions.
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